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A REACTION ATTITUDE CONTROL SYSTEM FOR JET 

VTOL RESEARCH AIRCRAFT 

Frank A. P a u l i ,  Tom G .  Sharpe,  
and James R .  Rogers 

Ames Research Center 

SUMMARY 

A new dual r e a c t i o n  con t ro l  system provides  t h e  means f o r  f l i g h t  research 
on t h e  requirements f o r  VTOL a t t i t u d e  con t ro l  systems. 
f l i c t i n g  requirements f o r  any cont ro l  system used i n  f l i g h t  research .  
f l e x i b i l i t y  and t h e  o t h e r  i s  s a f e t y .  Maximum f l e x i b i l i t y  can b e s t  b e  achieved 
by an e l e c t r i c a l l y  dr iven  con t ro l  system, b u t  t h i s  f requent ly  degrades s a f e t y .  
Maximum s a f e t y  i s  provided by a mechanical con t ro l  system, b u t  t h i s  type sys-  
tem is d i f f i c u l t  t o  change o r  a d j u s t .  P i l o t s  consider  t h e i r  s a f e t y  i s  no t  
endangered i f  it i s  poss ib l e  t o  switch from an e l e c t r i c a l  d r ive  system t o  a 
mechanical d r ive  system i n  about 0 . 1  s e c  a f t e r  an e l e c t r i c a l  f a i l u r e .  The new 
dual r e a c t i o n  con t ro l  system s a t i s f i e s  t h i s  requirement with a f a i l  safe a i r  
switching system t h a t  con t ro l s  8 .5  lb-m/sec of 500" F a i r .  
cont ro l  system i s  an e l e c t r i c a l  d r ive  system. 

There are two con- 
One is  

The research 

The a i r  switching concept s e t  t h e  requirement f o r  l a rge  r e a c t i o n  cont ro l  
nozzles t o  handle  t h e  requi red  a i r  flow without  excessive lo s ses .  Large 
nozz les ,  however, r e q u i r e  l a rge  d r iv ing  to rques ,  although some nozzle  types 
have lower d r iv ing  torque requirements than  o t h e r s .  An experimental  de t e r -  
mination was made f o r  s eve ra l  r e a c t i o n  nozzle  concepts t o  f i n d  t h e  type with 
the  lowest torque requirement.  An ou t s ide  can-type was devised t h a t  had 
s u f f i c i e n t l y  low d r iv ing  torques (290 in . -oz  f o r  60 p s i g  a i r  using a 3 s q  i n .  
e x i t  area)  s o  t h a t  a low power and low weight servomotor could b e  used and 
s t i l l  achieve high response.  I t  was a l s o  found t h a t  add i t iona l  l i f t  could be  
developed by a v a r i a t i o n  i n  t h i s  type nozz le .  

The combination of  concepts of  a r ap id  switching valve and a low torque 
nozzle  permit maximum f l e x i b i l i t y  i n  system design of r e a c t i o n  a t t i t u d e  
cont ro l  systems f o r  j e t  VTOL research  a i r c r a f t .  

INTRODUCTION 

For seve ra l  yea r s ,  Ames Research Center has  been s tudying t h e  e f f e c t s  of 
v a r i a b l e  con t ro l  power and of  s t a b i l i t y  augmentation on t h e  handl ing qua l i -  
t i e s  of d e f l e c t e d - j e t ,  fixed-wing VTOL a i r c ra f t .  The f l i g h t  t e s t s  used a 
cont ro l  system, descr ibed i n  re ference  1 (NASA TN D-2700), t h a t  was i n s t a l l e d  
i n  t h e  X-14A a i rc raf t  and cons is ted  o f  two s e t s  of r e a c t i o n  con t ro l  nozzles:  
one s e t  dr iven  mechanically by t h e  p i l o t ' s  c o n t r o l s ,  and t h e  o the r  se t  dr iven  
by e lec t r ic  servomotors which are commanded by p rese l ec t ed  combinations of  



e lec t r ica l  signals generated by t h e  p i l o t ,  r a t e  gyros,  o r  o t h e r  s i g n a l  
sources .  The disadvantage of t h i s  system is  t h a t  t h e  range of con t ro l  fo rces  
a v a i l a b l e  from t h e  r e a c t i o n  con t ro l s  i s  only a po r t ion  of  t h a t  p o t e n t i a l l y  
ava i l ab le ,  s i n c e  a i r  i s  e j e c t e d  from both sets of nozz les  a t  a l l  times even 
though only one s e t  i s  d e s i r e d  f o r  con t ro l .  A research  program was i n i t i a t e d  
t o  improve t h e  performance of  t h i s  con t ro l  system i n  terms of i nc reas ing  con- 
t r o l  power while  cont inuing t o  ensure p i l o t  s a f e t y .  

The new dual-system a t t i t u d e  con t ro l  concept involves  t h e  use  of an 
a i r - swi tch ing  va lve  t o  switch a l l  t h e  r e a c t i o n  con t ro l  a i r  i n t o  t h e  des i r ed  
system ( e l e c t r i c a l l y  o r  manually dr iven)  while  none of t h e  p i l o t ' s  normal 
mechanical l inkages are a l t e r e d .  Both mechanical and e l e c t r i c a l l y  dr iven  sys -  
tems respond t o  t h e  inpu t  commands, b u t  only t h e  system with a i r  i n  it w i l l  
have any e f f e c t .  
may be  achieved with t h e  mechanically dr iven  system a v a i l a b l e  f o r  s a f e t y .  

Thus, a f l e x i b l e  and independent e l e c t r i c a l l y  dr iven  system 

An add i t iona l  a r ea  of research  was a s soc ia t ed  with development of a 
r eac t ion  cont ro l  nozzle  having a low d r iv ing  torque whi le  de l ive r ing  high 
r eac t ion  fo rce ,  thereby providing high r e a c t i o n  con t ro l  power and good 
cont ro l  system response with lower power servo-drive motors.  

A I R  SWITCHING 

A s  has  been poin ted  o u t ,  it i s  a g r e a t  advantage i n  cont ro l  system 
research  t o  have a f l e x i b l e  cont ro l  system, which implies  g e t t i n g  away from 
mechanical l inkages and ope ra t ing  on e l e c t r i c a l  s i g n a l s  from var ious  sources .  
Such an e l e c t r i c a l  system can b e  e a s i l y  changed by t h e  p i l o t ,  even i n  f l i g h t  
i f  des i r ed ,  by simple knob adjustments and can be switched on and o f f  a t  w i l l .  
However, t he re  i s  some re luc t ance  t o  depend on an a l l - e l e c t r i c  system when a 

break o r  s h o r t .  I f  such a f a i l u r e  occurs ,  it i s  d e s i r a b l e  t o  have a 
mechanical backup system t h a t  can be used t o  land t h e  a i r c r a f t  s a f e l y .  In  

'' p i l o t ' s  l i f e  is a t  s t a k e  because f a u l t s  do occur i n  components and wires  

- -  
VTOL f l i g h t  t e s t s ,  t h e  time t o  switch t o  

Pilot command 

Manually operated 
air connection air shutoff volve 

/ Engin'e bleed air connection 
Check valves 

Figure 1.- New air distribution system. 

t h e  mechanical system must be  very 
s h o r t ,  and automatic sens ing  may even 
be  requi red  s o  t h a t  d i sa s t rous  r a t e s  
o r  a t t i t u d e s  a r e  no t  b u i l t  up be fo re  
t h e  p i l o t  can decide the re  i s  t roub le  
and can r e a c t .  

A concept t h a t  can b e  used f o r  a 
dual system is  t o  switch a l l  t h e  
b leed  a i r ,  as ind ica t ed  i n  f i g u r e  1, 
from one s e t  of r eac t ion  nozzles  , 
driven e l e c t r i c a l l y ,  t o  another  s e t ,  
d r iven  mechanically.  Thus, t h e  a i r  
i s  flowing e n t i r e l y  i n  an e l e c t r i -  
c a l l y  dr iven  s e t  of nozzles  during 
t h e  research t e s t s  and can be 
switched i n t o  a mechanically dr iven  
s e t  f o r  s a f e t y  i n  landing o r  

2 



maneuvering. 
mechanical l inkages of t h e  p i l o t ' s  c o n t r o l s .  I t  a l s o  permits  t he  r e a c t i o n  
fo rce  i n  the  mechanical system t o  b e  d i s t r i b u t e d  d i f f e r e n t l y  from t h a t  of t h e  
e l e c t r i c a l  system. The p i l o t  has  f u l l  con t ro l  power a v a i l a b l e  i n  t h e  r e a c t i o n  
nozzle  set  t h a t  has  a i r  flowing i n  i t .  O f  course,  t h e  o t h e r  nozz le  s e t  moves 
i n  response t o  whatever s i g n a l s  are given i t  without  producing any r e a c t i o n .  
A disadvantage of  such a system is  t h a t  t h e  in t roduc t ion  of a s i n g l e  a i r  
switching valve reduces t h e  r e l i a b i l i t y  of t h e  o v e r a l l  system and adds some 
weight.  

This arrangement has t h e  advantage of no t  changing any of t h e  

The requirements f o r  such an a i r  switching va lve ,  both f o r  opera t ion  and 
s a f e t y ,  a r e :  (a) fas t  r e l e a s e  from the  e l e c t r i c a l  system and f a i r l y  fast 
engagement t o  t h e  e l e c t r i c a l  system; (b) remote con t ro l ,  by p i l o t ,  o f  r e l e a s e ;  
(c) adequate s i z e  of valve f o r  system flow requirements b u t  with minimum 
weight,  space,  and power usage; (d) p o s i t i v e  i n d i c a t i o n  t o  p i l o t  of valve 
p o s i t i o n ;  (e) f a i l - s a f e  c h a r a c t e r i s t i c s  s o  power f a i l u r e  r e tu rns  i t  t o  t h e  
mechanical system p o s i t i o n ;  ( f )  high r e l i a b i l i t y  of  opera t ion ;  and (g) con- 
s t a n t  a i r  flow f o r  both valve pos i t i ons  t o  maintain cons tan t  b l eed  from 
engines .  1 

Valve requirements,  s e l e c t e d  on the  b a s i s  of  a n a l y s i s ,  s imula t ion ,  p a s t  
experience,  and p i l o t  p reference  included:  (a) r e l e a s e  t ime,  as e s t a b l i s h e d  
by s imula t ion  with p i l o t s  i n  a s i n g l e  ax i s  loop. t o  b e  0 . 1  s e c  o r  l e s s ,  

Operating lever 

1 
Inlet 

1 
I I I No f low ki}servo nozzles 

Common shof l  Out le ts  

Sketch (a)  

Figure  2.- Dual b u t t e r f l y  o f  swi tch ing  va lve  (from 
i n l e t  s i d e ) .  

A -  

engagement t o  b e  as fas t  as f e a s i b l e ,  
cons i s t en t  with above, and not  more 
than 1.0 s e c ;  (b) valve t o  b e  s i z e d  
s o  a i r  flow of 8 .5  lb-m/sec causes a 
pressure  drop l e s s  than 3 p s i ;  and 
(c) e l e c t r i c a l  l a t c h i n g  i n  the  elec: 
t r i c a l  con t ro l  p o s i t i o n  and a s p r i n g  
t h a t  w i l l  r e t u r n  t h e  valve t o  t h e  
manual con t ro l  p o s i t i o n  i f  e l e c t r i c a l  
power i s  i n t e r r u p t e d .  

Considerat ion of t he  above 
requirements suggested a dual b u t t e r -  
f l y  va lve  with s i n g l e  i n l e t  and a 
double chambered o u t l e t .  The two 
b u t t e r f l i e s  a r e  on a s i n g l e  s h a f t  and 
a t  r i g h t  angles t o  each o t h e r ,  s o  
t h a t  one i s  f u l l y  s h u t  t h e  o t h e r  i s  
f u l l y  open ( see  ske tch  (a) and 
f i g .  2 ) .  The flow from each of  t h e  
o u t l e t  chambers i s  divided between 
wing and t a i l  d i s t r i b u t i o n  duc ts .  
The requirement of  a con t ro l l ed  
r e t u r n  t o  t h e  manual mode is  m e t  with 
a so lenoid-ac tua ted  l a t ch ing  mecha- 
nism and cons tan t  torque sp r ing .  

Before a means of ac tua t ion  
could b e  s e l e c t e d  o r  sp r ing  s t i f f n e s s  

3 



0 
0 

60 

040 
C ._ 
a, 3 

F 
p 2 0  

- 

- 

- 

Pressure reset at each position 
Pressure set a t  start and le f t  alone 

111 %Ch 
extend 8 latch) 

determined, t h e  torque caused by a i r  
flow had t o  b e  measured on a pro to-  
type va lve .  Typical  resul ts  f o r  t h e  
f i n a l  valve design are shown i n  f i g -  
ure  3 .  The d i f fe rence  between t h e  
curves of t h i s  f i g u r e  i s  due t o  
g r e a t e r  t o t a l  flow i n  t h e  valve when 
both  passages are p a r t i a l l y  open, 
This g r e a t e r  flow drops t h e  p re s su re  
which, i n  t u r n ,  reduces t h e  torque 
r equ i r ed .  Notice t h a t  t h e  valve 

- 
I15 V 400 HZ 

Motor 

a: 15051 
:' l / 4  W 

Motor 
relay 

il IN2071 

-_ I .  1 I J w i l l  t end  t o  r e t u r n  t o  t h e  manual 
0 I5 30 45 60 75 90 p o s i t i o n  without  r e q u i r i n g  any 

e x t e r n a l  s p r i n g  fo rce ,  probably 
because of t he  way t h e  i n l e t  passages 
were l a i d  ou t .  

Full manual Full servo 
Valve posltlon-degs from manual posltlon 

Figure 3.-  Torque c h a r a c t e r i s t i c s  o f  f i n a l  valve 
under 50 ps ig  p r e s s u r e .  

The f i n a l  conf igura t ion  of t h e  a i r  swi tch ing  valve followed s imple design 
concepts and had no c r i t i c a l  mechanical c learances  o r  adjustments ,  even under 
t h e  expected ope ra t ing  temperature .  Both valve p o r t s  a r e  t h e  same s i z e  and 
have low r e s t r i c t i o n  t o  flow. The s h a f t  i s  assembled through t h e  b u t t e r f l y  
d isks  and fas tened  t o  them by a key, and t h e  s h a f t  secured by a n u t .  A t  t he  
o t h e r  end of  t h e  s h a f t ,  a s p l i n e  i s  provided f o r  t h e  ope ra t ing  l e v e r .  
Figure 5 shows some of  t h e  mechanical d e t a i l s ,  

A f i n a l  t e s t  was made i n  t h e  Ames s t r u c t u r a l  dynamics l abora to ry  where 
l a r g e  amounts o f  a i r  could be  discharged s a f e l y .  
tes ts  of t h e  valve without a i r  bu t  a t  500" F gave no i n d i c a t i o n  of  b inding  o r  

This  a i r  was cold,  bu t  

4 



o t h e r  problems. I t  w a s  found t h a t  a 
s p r i n g  torque (us ing  one spr ing)  of 
42 i n . - l b  gave a release t i m e  of 
approximately 0.09 sec. For t h e  
a c t u a l  a i r c r a f t  i n s t a l l a t i o n ,  t h e  
s p r i n g  w a s  s p l i t  i n t o  two p a r a l l e l  
p a r t s ,  s e p a r a t e l y  mounted f o r  mechan- 
ical  redundancy (one-half  of  sp r ing  
w i l l  r e t u r n  t h e  valve t o  manual). 
During these  t e s t i n g  sequences t h e  
switching valve was operated seve ra l  
hundred times, which is es t imated  t o  
be equ iva len t  t o  s i x  months o r  more 
of a c t u a l  usage on t h e  a i r c r a f t .  
There has  been no i n d i c a t i o n  o f  any 
type of  f a i l u r e .  

REACTION CONTROL NOZZLES 

The r e a c t i o n  con t ro l  nozzles  
produce v a r i a b l e  cont ro l  moments 
about t h e  r o l l ,  p i t c h ,  and yaw axes 
of t h e  a i r c r a f t  by modulating t h e  

1 1 1 1 l i l  flow of  engine b l eed  a i r .  As was 
0 1 2 3 4 5 6  poin ted  out  e a r l i e r ,  t h e r e  a r e  two 

sets of  nozzles  - one s e t  i s  mechan- 
i c a l l y  dr iven by t h e  p i l o t ;  t he  o t h e r  

in. 

Figure 5 . -  Switching va lve  wi th  s p r i n g  and l i m i t  is servo-dr iven .  The servo-driven 
swi tch  d e t a i l s .  nozzles  descr ibed  i n  re ference  1, 

discharge a i r  from d iame t r i ca l ly  
opposed v a r i a b l e  o r i f i c e s .  The e x i t  a reas  a r e  c o n t r o l l e d  by r o t a r y  valve 
motion. There a r e  f o u r  servo-driven nozzles  - one each f o r  p i t c h  and yaw con- 
t r o l  a t  t h e  t a i l ,  and one a t  each wing t i p  f o r  r o l l  c o n t r o l .  In  t h e  p re sen t  
s tudy  it was des i r ed  t o  en large  t h e  nozzles  s o  t h a t  they could con t ro l  t h e  
add i t iona l  a i r  made a v a i l a b l e  by t h e  a i r  swi tch ing  concept and t o  devise  a 
type of  nozz le  f o r  t h e  wing t i p s  t h a t  could b e  e i t h e r  double opening o r  s i n g l e  
opening. 

Design Cons t r a in t s  

Severa l  c o n s t r a i n t s  are p laced  on t h e  design of  r e a c t i o n  cont ro l  nozz les .  
J e t  engine c h a r a c t e r i s t i c s  r e q u i r e  t h a t  t h e  amount o f  b l eed  a i r  b e  h e l d  
roughly cons tan t ;  t h i s  implies  t h a t  t he  n e t  e x i t  area of  t h e  r e a c t i o n  con t ro l  
system should b e  h e l d  cons tan t .  Furthermore, p ropor t iona l  cont ro l  i s  d e s i r -  
ab le ;  t h e r e f o r e ,  t h e  r e a c t i o n  fo rce  produced should b e  a l i n e a r  func t ion  of  
t h e  command s i g n a l .  
should b e  kept  low s i n c e  t h e i r  l oca t ion  ( a t  t h e  ex t r emi t i e s  of  t h e  a i r c r a f t )  
makes them potent  con t r ibu to r s  t o  a i r c r a f t  moments o f  i n e r t i a .  For compati- 
b i l i t y  with a se rvo-dr ive  motor a c t u a t o r ,  t h e  valve motion should b e  r o t a r y ;  

The weight of t he  nozz le  and se rvo  a c t u a t o r  packages 
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and, i n  o rde r  t o  minimize the s i ze  of t h e  servomotor, t h e  torque  requi red  t o  
d r ive  t h e  nozzle  should b e  kept  low. Rapid response o f  t h e  nozzle  ( e .g . ,  
0 .1  sec t o  open f u l l y )  i s  e s s e n t i a l  t o  avoid in t roducing  delays i n t o  t h e  
a i r c r a f t  response t o  p i l o t  commands. 

Development and T e s t  

Dual e x i t  versus  s i n g l e  e x i t -  A b a s i c  d i f f e r e n c e  between dual e x i t  and 
s i n g l e t h e i r  a b i l i t y  t o  s a t i s f y  t h e  cons tan t  n e t  e x i t  area 
c o n s t r a i n t .  A dual opening nozzle  has  d i ame t r i ca l ly  opposed va r i ab le  o r i f i c e s  
such t h a t  as one o r i f i c e  opens the  oppos i te  o r i f i c e  c loses  by the  same amount, 
thus maintaining a constant  t o t a l  e x i t  area. A s i n g l e  opening nozzle  cannot 
i n  i t s e l f  s a t i s f y  t h e  cons tan t  area c o n s t r a i n t .  Therefore ,  i f  s i n g l e  e x i t  
nozzles  a r e  used they must opera te  i n  p a i r s ,  one opening as the  o the r  c loses .  
Since the re  is b u t  one nozzle  p e r  ax i s  i n  t h e  p i t c h  and yaw axes,  t hese  
nozzles  must b e  double opening. The r o l l  nozzles  may b e  s i n g l e  o r  double 
opening because they opera te  as a p a i r ,  one a t  each wing t i p .  

The advantage of  s i n g l e  e x i t s  f o r  the  r o l l  nozzles  i s  t h a t  a i r  por ted  
through them downward adds l i f t  t o  the  a i r c r a f t .  ( In  t h e  case of  t he  X - 1 4 ,  
t h i s  add i t iona l  l i f t  may amount t o  as much as 200-220 l b . )  However, if the  
e x t r a  l i f t  i s  not  needed, it can be  a disadvantage s i n c e  t h r u s t  must equal 
weight t o  maintain hover  i n  a VTOL a i r c r a f t .  Consider a f ixed  weight a i r c r a f t  
which has  s u f f i c i e n t  t h r u s t  t o  hover .  I f  a l i f t  increment i s  added by s i n g l e  
e x i t  nozz les ,  then main engine t h r u s t ,  hence engine rpm, must b e  reduced t o  
maintain hover.  
Thus, a s i n g l e  e x i t  nozz le  i n  t h i s  s i t u a t i o n  y i e l d s  less con t ro l  power than a 
double e x i t  nozzle  would. Furthermore, i f  duct l o s ses  a r e  not  t o  inc rease ,  
t he  s i n g l e  e x i t  system w i l l  r equ i r e  l a r g e r  diameter a i r  ducts  s i n c e  f o r  a hard- 

Reducing engine rpm reduces t h e  amount of b leed  a i r  a v a i l a b l e .  

over command a l l  t h e  a i r  must b e  
ducted t o  a s i n g l e  wing-tip nozzle  
( see  f i g .  6 ) .  i n  t h e  double e x i t  

/ Z  case,  h a l f  t h e  a i r  goes out each 
F U I ~  open wing-t ip  nozz le .  The g r e a t e r  a i r  

Full Full flow through a s i n g l e  nozzle  a l s o  
r equ i r e s  t h a t  t h e  o r i f i c e s  b e  l a r g e r  open 

than those  of  t h e i r  double e x i t  
(a)  S i n g l e  e x i t  nozz le s .  (b) Double e x i t  nozz le s .  coun te rpa r t s .  Because of t h e i r  s i z e  

Figure 6.-  Hardover command i n  each type  nozz le .  and because O f  conditions, 
t h e  s i n g l e  e x i t  nozzles  r equ i r e  a 
h ighe r  d r iv ing  torque.  

For t he  X-14 a i r c r a f t ,  a c l e a r  choice between t h e  types was no t  poss ib l e  
because both l i f t  and con t ro l  power are c r i t i c a l  i t ems .  Added l i f t  permits  
increased  fue l  load and longer  f l i g h t s  o r  more ins t rumenta t ion .  Higher a v a i l -  
ab l e  cont ro l  power increases  t h e  a i rcraf t ' s  range of  s imula t ion .  Hence, an 
experimental  nozz le  was developed which could b e  made with a s i n g l e  e x i t  o r  
with double e x i t s ,  o r  as an in te rmedia te  vers ion  between t h e s e  two extremes. 
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Figure 7.- Experimental nozz les  

Experimental nozzle  development- Severa l  d i f f e r e n t  nozzles were designed, 
b u i l t ,  and t e s t e d .  A l l  models f ea tu red  a c y l i n d r i c a l  body s t a t o r  with an 
e x i t  o r i f i c e  o r  o r i f i c e s  cu t  i n t o  i t .  Primary d i f f e rences  between models were 
i n  t h e  form of t h e  r o t a t i n g  element ( ro to r )  which ad jus t s  t h e  s i ze  of t h e  
e x i t  o r i f i c e  ( see  f i g .  7 ) .  The swinging elbow and t h e  i n s i d e  can r o t o r s  both 
s l i p  i n s i d e  t h e  nozzle  s t a t o r  can. The ou t s ide  can r o t o r  s l i p s  over  t he  
nozzle  s t a t o r  can. The low-driving torque requirement proved t h e  dec i s ive  
f a c t o r  among these  s i n c e  a l l  types had e s s e n t i a l l y  t h e  same reac t ion  force  p e r  
u n i t  e x i t  area. The e x i t  a reas  and nozzle  diameters were i d e n t i c a l  i n  a l l  
models t o  permit a f a i r  comparison. 

S ingle  e x i t  nozzles-  The ou t s ide  can requi red  t h e  lowest d r iv ing  torque 
and t h e  swinging elbow requi red  t h e  h ighes t  d r iv ing  torque .  This torque tends 
t o  inc rease  t h e  opening of  t h e  i n s i d e  can and of t h e  swinging elbow, and t o  
decrease t h e  opening of  t h e  ou t s ide  can. Bas i ca l ly ,  t h e  torque i s  produced by 
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Figure 8.- Driving to rque  c h a r a c t e r i s t i c s  o f  i n s i d e  
and o u t s i d e  can nozzles .  
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Figure 9.- Driving to rque  f o r  t h e  s i n g l e  e x i t  
nozzle  (ou t s ide  can ) .  

a p re s su re  d i f f e r e n t i a l  a c t i n g  on t h e  
r o t o r  edges. l  
p o r t  i s  exposed t o  t h e  p re s su re  i n  
t h e  e x i t i n g  a i r  stream; t h e  oppos i te  
edge is  exposed t o  e i t h e r  supply 
p re s su re  ( i n s i d e  can and swinging 
elbow) o r  t o  atmospheric p re s su re  
(ou t s ide  can) .  The p res su re  be ing  
d i f f e r e n t  on oppos i te  edges of  t h e  

are secondary e f f e c t s ,  however. 
Halving t h e  wall th ickness  of  t h e  
r o t o r  does n o t  i n  a l l  cases ha lve  t h e  
torque ,  and rounding o r  beve l ing  t h e  
upstream edge of  t h e  o r i f i c e  a l s o  
affects t h e  torque .  The swinging 
elbow p resen t s  t h e  l a r g e s t  a r ea  on 
which t h i s  d i f f e r e n t i a l  p re s su re  may 
act and t h e r e f o r e  has  the  h ighes t  
d r i v i n g  to rque .  Figure 8 demon- 
strates t h e  s u p e r i o r i t y  of  t he  o u t e r  
can conf igura t ion  ( p a r t i c u l a r l y  i n  
the midrange o f  ope ra t ion ) .  This 
p l o t  i s  based on experiments with a 
pre l iminary  model at  a source p re s -  
s u r e  of 60 p s i g ,  and 0.125 inch t h i c k  
walls on t h e  r o t o r s .  The s t a t o r  
diameter was 5 .5  inches and the  
length o f  t h e  e x i t  p o r t  was 2.23 
inches .  Based on t h i s  d a t a  the  
i n s i d e  can concept was dropped and 
f u r t h e r  design concentrated on t h e  
ou t s ide  can r o t o r  conf igura t ion .  

One edge o f  t h e  e x i t  

e x i t  p o r t  produces a torque.  There 2 

The c h a r a c t e r i s t i c s  of t he  f i n a l  
ou t s ide  can nozzle  a r e  shown i n  f i g -  
ure 9 .  This vers ion  f ea tu red  s e v e r a l  
design innovat ions t h a t  w i l l  b e  d i s -  
cussed l a t e r .  The v a r i a t i o n  i n  
torque with e x i t  a r e a  i s  apparent ly  
caused by a v a r i a t i o n  i n  t h e  p re s su re  
at  t h e  r o t o r  edge i n  the  a i r  s t ream 
as t h e  e x i t  s i z e  i s  changed. The 
general  form 

~~ ~ ~ 

lReference 1 descr ibes  i n  more d e t a i l  e f f o r t s  made t o  e s t a b l i s h  the  
sources  of such torques .  
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may b e  used t o  curve f i t  t h e  
experimental  d a t a  f o r  t h e  s i n g l e  e x i t  
ou t s ide  can nozz le .  In  equat ion ( l ) ,  
T(8n) i s  t h e  d r i v i n g  torque,  Tmax i s  
t h e  maximum d r i v i n g  torque,  On is 
t h e  normalized angular  opening of t h e  
nozz le  (8, = @/emax, where 8 i s  t h e  
angular  opening of  t h e  nozzle  and 
8max i s  t h e  maximum angular  opening),  
and B is  a dimensionless cons tan t  
ad jus t ed  t o  achieve a good match t o  
the  empir ica l  d a t a .  The parameters 
Tmax and B may b e  f i x e d  by s e v e r a l  
techniques.  The approximations shown 
i n  f i g u r e  9 are obta ined  by l e t t i n g  
Tmax equal  t h e  measured torque a t  
nea r  zero opening and computing an 
average B over  the  rest of  t h e  d a t a  
p o i n t s .  This technique y i e l d s  
Tmax = 285.5 in . -oz  and B = 8.1 f o r  
t h e  60 p s i g  case .  
t i o n  (1) by a l e a s t  mean square tech-  
nique t o  t h e  same da ta  y i e l d s  
Tmax = 300 in . -oz  and B = 9 . 1 .  
Nozzle parameters f o r  t hese  curves 
were r o t o r  wall th ickness  0.09 inch 
and length  of  e x i t  p o r t  1.75 inches 
f o r  a 4.96-inch-diameter r o t o r  r o t a t -  
ing  +Zoo from i t s  c e n t e r  p o s i t i o n .  
The supply pressures  a r e  shown i n  t h e  
f i g u r e .  

F i t t i n g  equa- 

Double e x i t  nozzles-  The double 
e x i t  vers ion  of  t h e  experimental  
ou t s ide  can nozz le  y i e lded  the  d r iv -  
i n g  torque curves shown i n  f i g u r e  10. 

curve seems t o  b e  a superpos i t ion  o r  

-200k ,I I I I I I I I I 
.3 .4 .5 .6 .7 .8 .9 1.0 

Fraction of maximum angular opening of nozzle, 8, 

Figure 10.- Driving to rque  of t h e  double e x i t  
nozzle (ou t s ide  can). Note t h a t  t h e  double e x i t  torque 

composite of  two s i n g l e  e x i t  curves.  With t h e  r o t o r  i n  t h e  c e n t e r  p o s i t i o n ,  
t h e  torque con t r ibu t ions  from the  two s i d e s  approximately cancel each o the r ,  
and as e i t h e r  top o r  bottom c loses ,  t h e  magnitude of t h e  torque tends t o  
inc rease .  Tests of  t h e  mass flow rate  versus  e x i t  area ind ica t ed  t h a t  t h e  
nozzles  were ope ra t ing  choked a t  the  e x i t  p o r t  over  t h e  range of  angular  
openings used. Thus, it is reasonable  t h a t  t h e  d i ame t r i ca l ly  oppos i te  p o r t s  
should have l i t t l e  in f luence  on each o t h e r .  A good fit.  t o  t h e  curve of  f i g -  
ure  10 is  obtained by t h e  supe rpos i t i on  of two s i n g l e  e x i t  c h a r a c t e r i s t i c s  
( ref lect  one s i n g l e  e x i t  c h a r a c t e r i s t i c  about t h e  l i n e  8, = 0 .5  and about t h e  
8n axis and add it t o  an un re f l ec t ed  c h a r a c t e r i s t i c ) .  Performing t h i s  super-  
p o s i t i o n  with equat ion (1) [T(8n) - T(-en + l ) ]  and s impl i fy ing  t h e  r e s u l t i n g  
expression y i e l d s  equat ion (2) : 
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The parameters i n  equat ion (2) are t h e  same as i n  equat ion (1 ) ,  t h a t  i s ,  
re ferenced  t o  one of  t h e  e x i t s .  
t he  double e x i t  nozzle  torque curve i s  no t  
The curve i n  f i g u r e  10 i l l u s t r a t e s  t h e  a p p l i c a t i o n  of  equat ion ( 2 ) .  Since 
equat ion (2) i s  symmetrical about t h e  p o i n t  8 = 0 . 5  and t h e  experimental  d a t a  
a re  no t  exac t ly  symmetrical ,  t h e  fol lowing f i t  procedure was used. Exact f i t  

was e s t a b l i s h e d  which passed through the  d a t a  p o i n t  a t  Bn = 0 . 5 .  The average 
devia t ion  of  t h e  torque a t  t h e  two extremes (0, = 0 and On = 1) from the  new 
axis  was taken as the  peak torque [ T p e d  = Tmax(B/l + B ) ]  i n  equat ion ( 2 ) .  
The devia t ions  of  t h e  torque a t  o t h e r  values  of On from t h e  torque value a t  
0n = 0 . 5  were then used t o  c a l c u l a t e  an average B .  Torque values ca l cu la t ed  
from equat ion (2) on t h e  b a s i s  of t hese  parameters (Tpeak = 178.4 in . -oz  and 
B = 4.53)  were used t o  p l o t  t h e  curve f i t  ( f i g .  10) with re ference  t o  the  
d isp laced  ho r i zon ta l  a x i s .  Nozzle phys ica l  dimensions were t h e  same as i n  t h e  
preceding s i n g l e  e x i t  case.  

I t  should b e  noted  the re fo re  t h a t  t h e  peak of  
Tmax, b u t  r a t h e r  TmaxB/(l + 6). 

was requi red  a t  t he  p o i n t  8n = 0.5 ;  t h e r e f o r e ,  a d i sp laced  ho r i zon ta l  ax i s  4- 

Mechanical Det a i  1 s 

S t r u c t u r a l l y ,  t h e  ou t s ide  can nozzle  design has  s e v e r a l  advantages.  
Figures 11 and 1 2  a r e  photographs of t he  f i n a l  double e x i t  design.  No bear -  
ings l i e  i n  t h e  a i r  s t ream and only the  small bea r ing  serves  as a t h r u s t  bear -  
ing .  The l a rge  bea r ing  i s  only f o r  r o t a t i o n  and low f r i c t i o n  r o t a r y  spac ing .  

Figure 11.- Exploded view of double e x i t  p ro to type .  Figure 1 2 . -  Assembled view of double e x i t  p ro to type .  

The coincident  edge f e a t u r e  ( see  f i g .  13) e l imina te s  t h r u s t  t angen t i a l  t o  t h e  
nozzle  body which r e s u l t s  when t h e  nozz le  makes a noncoincident o r  " sc i s so r -  
type" c los ing .  
reduces t h e  number of  gear  passes  requi red  t o  d r ive  t h e  nozzle  from a small, 

P lac ing  a l a r g e  diameter d r ive  gear  on the  r o t o r  circumference 

10 



Cross-sectional 
high-speed, low torque servomotor, 
thus minimizing backlash i n  t h e  servo-  
system. The upstream edges of t h e  
o r i f i c e  are rounded s i n c e  t h e  exper i -  
mental d a t a  (not  shown) i n d i c a t e  t h a t  
rounding improves the  discharge 
c o e f f i c i e n t  of  t h e  nozzle  by about 
3 t o  4 percen t .  

otor 

, Air stream 

Figure 13.  - Coincident  edge f e a t u r e .  
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